Metab. Gastrointest. Physiol. l(1): C67-C75, 1977. -The transepithelial efIIux of Na and several nonelectrolytes (mannitol, sucrose, and polyethylene glycol 900) were measured in the isolated frog skin under short-circuited conditions in chambers that had been specially designed to avoid edge damage. Ouabain (lop3 and 10S4 M) caused a dramatic increase in the efflux of Na, whereas the efflux of nonelectrolytes showed only a slight alteration. The efflux of Na increased after the application of dinitropheno1 ( 10S4 M), whereas the efflux of nonelectrolytes remained constant. Amiloride (10u3 M) caused large variations in the efflux of Na, whereas the efflux of nonelectrolytes remained unchanged.
The results provide evidence that these inhibitors do not alter the permeability of the paracellular pathway and that the total transepithelial efflux of Na or at least a very large portion of it, and possibly also the transepithelial efflux of Cl, proceeds via a transcellular pathway and not a paracellular pathway as has been widely accepted. The data further suggest that the Na proceeding via this pathway interacts directly or indirectly with the active transport step. transcellular pathway across isolated frog skin; shunt pathway in frog skin; epithelial sodium transport; active transport of sodium; Ram pipiens THE ISOLATED FROG SKIN has traditionally been considered as a convenient preparation for studying the general properties of transport across epithelial tissues. As a result of a series of brilliant experiments carried out by Ussing and his collaborators on this tissue, a model for Na transport across the epithelial cells of the frog skin was proposed by Koefoed-Johnsen and Ussing (20) . In this model, the transport of solutes was conceived to proceed exclusively across the outward-facing (apical or mucosal) and inward-facing (basal or serosal) cell membranes of the epithelial cells and not between the cells. Sodium was thought to be transported across these two serially arranged cell membranes by entering the cell across the outward-facing cell membrane by simple diffusion and by leaving the cell across the inward-facing cell membrane by extrusion via an active transport mechanism. The original model had to be revised with the discovery of a shunt pathway that, as clearly pointed out by Ussing and Windhager (30) in their original description of such a pathway, could either proceed through the cells (transcellular shunt pathway) or between the cells (paracellular shunt pathway). Thus the movement of solutes across the frog skin was viewed as occurring through parallel pathways, an active Na transport path, and a passive shunt. In terms of Na transport, such a shunt path would entail either Na leakage across the inwardfacing cell membrane, thus shunting the active transport mechanism across this barrier or passage of Na across the tight junctions located in this cell layer and along the intercellular spaces. However, in spite of intensive investigation of the transport properties of the frog skin, the anatomical location and characteristics of a functionally important shunt pathway for sodium have remained obscure.
The observations of Bracho et al. (8) and Wong and Biber (35) , showing that solutes such as lanthanum and mannitol readily Fenetrate the cornified cells of frog epithelium but do not enter the outermost living cell layer, suggest that this layer may be the major site of resistance to transepithelial solute movement. This contention is further substantiated by the work of Whittembury (34) and Cereijido and Curran (10) who found that most of the electrical resistance of the anuran skin is located at a barrier near the outer surface. The solute boundary thus would seem to be composed of the outermost living layer of cells and their zonulae occludentes or tight junctions (13, 31). Hence a shunt could possibly involve a pathway across the cell membranes of these cells or across the tight junctions and intercellular spaces of this cell layer or both.
Apart from the morphological demonstration of a paracellular shunt by the localization of lanthanum in a variety of epithelia, there are also other recent electrophysiological and tracer studies on the shunt that present evidence suggesting that the primary shunt pathway for ions and small solutes is between cells, i.e., across the tight junctions and through intercellular spaces in both leaky and tight epithelia. In the frog skin and bladder, the view of a functionally important shunt pathway through paracellular channels receives support from the proportionality observed between the effluxes of nonionic solutes (such as urea and mannitol that are presumed not to enter the cells) and either the efflux or influx of ions (such as Na, Cl, and K) and from the observation that the fluxes of ions can be described by the constant field equation when alterations in potential difference are imposed by voltage clamping (22, 29) . Changes in the efflux that could not be ex-plained by electrical or concentration parameters were ascribed to changes in shunt permeability (perhaps the result of cell swelling).
The validity of these studies concerned with the location and properties of the shunt must be questioned on two counts. First, the imposition of large currents through the frog skin has been shown to cause both reversible and irreversible changes in the permeability (7, 22) and morphology (31) of that epithelium. These observations indicate that artificial shunts may be opened under these conditions and thus conductivity studies concerned with the location and properties of the natural shunt would have little meaning. Second, measurements of the efflux across the isolated frog skin and bladder may have been made on tissues in which there was substantial edge damage. Dobson and Kidder (11) have discussed the problem of edge damage and have demonstrated significant edge damage with enlarged extracellular spaces and increased permeability in conventional chambers.
Helman and Miller (16) have calculated that as much as 76% of the total Na efflux occurs through the damaged edge when measurements are made in a large conventional 7-cm2 chamber, and Walser (32) has shown much lower electrical conductance in bladder sacs than in conventional chambers.
Hence, it has become apparent that edge damage may play a significant role in measurements of fluxes and electrical parameters, and thus studies with the isolated skin preparation in conventional chambers may be of limited use in determining the properties of the natural shunt, The efflux through these conventional preparations is often orders of magnitude larger than those observed in the in vivo preparation, and this suggests that new pathways may have been created. The characteristics of the efflux across these artificially induced pathways may be very different from those across the undamaged skin, and the magnitude of this artificial efflux may be such as to mask the characteristics of the true transepithelial efflux. For this reason, the efflux of Na and several nonelectrolytes (mannitol, sucrose, and polethylene glycol 900) has been studied across the isolated shortcircu ited frog skin placed between two Lucite chambers especially desi .gned to reduce edge damage. Fig.  1 . The two halves of the chamber are mounted in a horizontal position relative to one another, and the skin is held in place and sealed between two Silastic gaskets by pressure generated by a light spring, pressure exerted by the spring being 16.6 t 6.2 g/cm2. The utilization of this design results in a tight seal but eliminates the need for extreme compression by the rim of the chamber, which is a common characteristic of most conventional chambers. The chambers were also designed to permit rapid changes in both serosal and external bathing solutions (via a vacuum system). The mounted frog skin (exposed area of 0.98 cm2) divides the chamber into serosal and external compartments, the volume of each compartment being 0.5 ml. Solutions in both compartments were stirred vigorously by a stream of small air bubbles.
The potential difference across the skin was measured by calomel half cells connected to the solution by agar bridges. A second pair of bridges connected to AgAgCl electrodes was used for passing current through the skin. The potential difference (PD) and short-circuit current (SCC) were determined by using an automatic clamping device that was adjustable for changes in fluid resistance between the PD bridges. 1,2, and 3 are the external bathing solution, cell compartment, and serosa .l bathing solu .tion, resp ectively. JEa represents the Na flux from compartment i to compartment j. Thus, Jff is the transepithelial flux of Na from the serosal (inside) bathing medium to the external (outside) bathing medium. Throughout the paper the errors are given as standard error of the mean and the number of observations is given in parentheses.
RESULTS
The transepithelial effluxes of Na (J:?) and Cl (Jg:) at a Na and Cl concentration of 100 mM (serosal side)
were measured simultaneously and found to be 29*6 t 2.8 and 58.9 -+ 5.7 nmol/cm2 per h (n. = 36), respectively, in the new efflux chamber. The magnitude of these effluxes, although admittedly under much different conditions, is similar to that demonstrated for the in vivo preparation of the same species (25) and is smaller than that reported for many in vitro preparations. For example, Watlington and Jessee (33) reported a transepithelial efflux of 650-1,900 nmo1/cm2 per h for Cl under similar conditions, and Mandel and Curran (22) observed that the shunt flux for Na was on the order of 200-600 nmo1/cm2 per h under short-circuit conditions.
The transepithelial efflux of Na was measured at a Na concentration ([Na]) of 6 mM in the new efflux chamber for 30 min. Then the skin was removed and remounted carefully in a conventional chamber with a smal ler cross-section al area so that th ose parts of the skin that had been in contact with the new efflux chamber were now located outside the chamber. The efflux was again determined at the same Na concentration for a 30-min interval. The efflux was found to be 19 5 4 nmo1/cm2 per h (n = 12) in the new efflux chamber (area of exposed skin being 0.98 cm2) and 51 2 6 nmoll cm2perh(n = 12) in the conventional chamber (area of exposed skin being 0.24 cm2). The procedure was also carried out in the reverse direction. The initial efflux in the conventional chamber (area of exposed skin being 1.31 cm2) was 40 2 3 nmol/cm2 per h (n = 12) and after transfer to the smaller efflux chamber (area of exposed skin being 0.98 cm2) was reduced to 18 t 2 nmo1/cm2 per h ( YL = 12), The efflux measured in the new chambers was significantly lower than the efflux measured in the conventional chambers even when the transfer resulted in a smaller surface area* Thus the data suggest that the edge damage problem has been diminished by the use of this new chamber.
The elimination of a large artificial conductance component by utilization of the new efflux chamber allows for much more sensitivity in differentiating between transcellular and paracellular components of the shunt. Component analysis was carried out by using a series of compounds known to affect the active transport of Na (ouabain, dinitrophenol, and amiloride). If a component of the transepithelial efflux of Na proceeds via a transcellular route, changes in the flux might be noted after the application of these compounds. The fluxes of nonelectrolytes were followed simultaneously with that of Na in order to detect changes in paracellular shunt permeability.
The effect of ouabain (lop4 or lo-" M) on J$ and J:; is illustrated in Figs. 2 and 3 , respectively. There is a large increase in the magnitude of the effluxes that reach a maximum about 60-90 min after the application of ouabain. The efflux then declines and finally stabilizes. No significant difference was noted between the effects of 10F4 and lo-" M ouabain. The effect of ouabain on the permeability ratio cy (permeability coefficient for substance x, P,, divided by permeability coefficient for Na, PNa) for various nonelectrolytes, amannitol (P mannitol/pNa) 9 %ucrose (psu~rose~pNa) and QPEG (PI>vG/pNa) is illustrated in Fig. 4 . There was a large deC;ease i n %t~nelectrolytes after the application of ouabain which was the result of a large increase in the permeability of the skin to Na. This alteration in the permeability ratio is clearly different from that suggested by Mandel and Curran (22) and that demonstrated for acl (PCl/pNa) in which a constant ratio was observed (Fig.  5) because of simultaneous and proportional increases in the efflux of both Na and Cl.
The effect of dinitrophenol (low4 M) on JFt was investigated. Dinitrophenol (DNP) caused a large increase in the efflux of Na that reached a maximum about 30 min after its application. After that, the Na efflux stabilized (Fig. 6) . The effect of DNP on amannitol, ~~~~~~~~~ and aPEG is illustrated in Fig. 7 , There is a large decrease i n %onel ec trolvtt' . after the application of DNP that is the result of a large increase in the permeability to Na. The efflux of nonelectrolytes was unaffected.
The effect of amiloride, an agent known to block the influx of Na at the outer border of the epithelial cell, on the transepithelial efflux of Na in control and ouabaintreated skins is shown in Fig. 8 . Amiloride caused a marked reduction in JFf ([Na] of 6 mM) in both control Ouabain was added to serosal medium after a 75-min control period (point of addition being indicated by arrow). NaCl concentration was 112 mM. n = 6 for each point.
and ouabain-treated skins. Amiloride however had no effect on DNP-treated skins. The effect of amiloride (low3 Ml on amannitol is illustrated in Fig. 9 . The addition of amiloride resulted in an increase in amannitol at a [Na], of 6 mM and a decrease in a,annitol at a [Na], of 100 mM. The efflux of mannitol was not altered by the applications of amiloride.
DISCUSSION
In more recent years it has been implicitly assumed that the shunt pathway for Na proceeds via an extracellular, rather than intracellular, route mainly because of evidence for an extracellular pathway for other solutes in a wide vz+riety of epithelial tissues. However, it should be mentioned here that there is to date, at least to our knowledge, no direct evidence for the anatomical location of a shunt pathway for Na, and the indirect evidence for the location of this shunt pathway comes from experiments (22, 29) in which leakage through damaged tissue might have obscured the data ( see IN-TRODUCTION ).
The results demonstrate that JFf measured in these newly designed chambers is significantly lower than when determined in conventional chambers. The difference in measurements can be attributed to the fact that the new chambers were deliberately designed to avoid any possibility of tissue damage in the area in which the tissue is held in place in the chamber. It seems highly likely that the high fluxes of chloride and sodium measured in the more conventional chamber are the result of free diffusion across damaged areas. It is thus possible that, by measuring fluxes in the newly designed chambers, the large artificial diffusion component is eliminated, thereby unmasking properties of these fluxes that could not be observed with the conventional chambers and that may therefore differ from previously observed characteristics for these fluxes. The concept of a functional shunt pathway permits, of course, the assumption that the "backleakage" of Na across the epithelium, J tt, proceeds via such a shunt pathway rather than a reversely directed component of the active transport system. Accordingly, it should be possible to evaluate the shunt pathway by measuring Jtp across the skin in the presence or absence of the active transport mechanism. If Jyp proceeds through an extracellularly located shunt pathway, one might at first approach expect two characteristics for the efflux. First, JtF should follow the same pattern as other solutes known to pass via the extracellular pathway when the experimental conditions are changed. Second, JtF should exhibit all the characteristics of a process of free diffusion, should have no rectification properties, and should be independent of the transcellular pathway for Na to which it is arranged in parallel. We would not expect a priori these properties if, on the other hand, J tf follows a transcellular pathway, and we would anticipate a different relationship to the active transport system depending on whether or not this transcellular efflux bypasses the step of active transport via a shunt. We took advantage of a new method for determining the eMlux to approach these questions experimentally by measuring simultaneously effluxes of nonelectrolytes and of Na when inhi- and it seems reasonable to assume that the larger molecules, sucrose and PEG 900, could also cross the epithelium along extracellular pathways. The conclusion that ouabai n does not affect the shunt-permeability was also reached by Larsen (21) who could not observe in the toad skin any measurable effect of ouabain on mannitol and sulfate effluxes. It should be mentioned however that Nakajima and Hashimoto (27) reported increases in the efflux of both Na and sulfate.
If the conclusion is correct that the increase in the efflux ofNao bserved after application of ouabain due to a shift in extracellular shunt permeability i .s not then it follows that a change in the transcellular pathway must take place under these conditions.
Biber et al, (3) observed that under normal conditions the unidirectional uptake of radioactive Na across the serosal surface of the isolated frog skin epithelium was extremely small. The new data, however, provide support for the view that under normal conditions Na readily enters the epithelial cells from the serosal side, but is promptly reextruded across the serosal membrane via the Na-K-activated ATPase system. Such a recirculation phenomenon would explain the observation that J;F and the "apparent" unidirectional uptake of radioactive Na across the serosal membrane are small under normal conditions and that JgF increases markedly after inhibition of the Na-K-activated ATPase system. Another possibility could be that ouabain increases cell NaCl and that the observed increases in J,, (both to Na and Cl) might be due to an induced cellular permeability change caused by cell swelling. However, the data obtained by Zylber et al. (37) on isolated epithelial cells strongly suggest that ouabain does not cause cell swelling. In fa ct, these authors reported that, although cell Na increases, the decrease in cell K is even more pronounced and exceeds the gain of Na. In addition they observed a slight decrease in water content 110 min after addition of ouabain. From this work, it appears therefore that cell swelling is not a major factor. Hence it is our opinion that at present the results reported in this paper can be best explained by the other hypothesis mentioned here, namely the reduction in rate of reextrusion of Na across the serosal surface of the epithelial cells. Larsen (21) has observed in the same tissue a similar increase in Jft after ouabain, but he explained this phenomenon somewhat differently by a conversion of the Na-K-activated ATPase system from a pump to a Na/Na exchange mechanism.
Although the observation of a profound effect of ouabain of Jtf supports the view that Jft proceeds via a transcellular route, one cannot rule out the possibility that under control con .ditions the efflux of Na proceeds via a paracellular pathway and that the application of ouabain simply introduces an additional transcellular component.
Chloride effluxes (J$i) were measured simultaneously with JgF, and it is interesting that the ratio of J&VJgi remains constant after application of ouabain. This observation suggests that J:j may also proceed through the epitheliai cells along a common pathway with J& One plausible explanation for an increase in the transcellular efflux of chloride after ouabain treatment involves changes in the intracellular potential. There is experimental evidence that under normal short-circuit conditions the intracellular potential of the epithelial cells of the frog skin is substantially negative (up to 90 mV) with respect to the internal and external bathing solutions (5, 10, 26). It is quite possible that the intracellular potential shifts toward zero after the application of ouabain, and as a consequence, the electrochemical potential gradient across the cell boundaries favor an increase in influx (i.e., increase in J$ and J,",') with the result that, once a steady state is achieved, the overall permeability of the epithelium to chloride increases. In other words, a more positive intracellular potential after the application of ouabain will give rise to an increase in J$i. Recently, Alvarado et all (1) have observed changes in J:: that were not accompanied by proportional changes in fluxes of urea. On the assumption that urea is a marker for the paracellular shunt pathway, they have postulated the existence of a transcellular component for Jgi.
The data strongly suggest that the cellular Na-Kactivated ATPase system interacts with J&? If this assumption is correct it might be possible to observe also a change in Jtr when a compound is used that interferes with cell metabolism. The addition of DNP, a compound known to uncouple oxidative phosphorylation, to the serosal bathing solution resulted in a large increase in J&Y The lack of an effect of DNP on the efflux of nonelectrolytes suggests that the permeability of the paracellular shunt pathway is not altered. The increase in JfF may be due to several factors, such as elimination of active transport, a change in cellular [Na] , and a change in permeability of the cell membranes. The action of DNP may be similar to one of the possibilities mentioned above for ouabain: the inhibition of the active extrusion of sodium across the basal cell border may lead to an increase in cellular [Na] at high [Na] , that then results in an increase in efflux across the apical cell border and a rise in Jgt. Such an increase in apparent permeability differs from assumptions made by Zerahn (36) for the frog skin. Furhman (14), however, was able to demonstrate an increase in JiF after the inhibition of active Na transport by DNP. Although the data on the effect of ouabain and DNP on JtF suggest that the cellular Na-K-activated ATPase system normally reduces the transepithelial efflux of Na, these experiments do not rule out the possibility that the efflux measured under control condi ceeds mainly via a paracellular pathway.
tions proAmiloride has been shown to reduce active transepithelial transport of Na by inhibition of the Na entrance through the outward-facing membrane (2) without directly affecting the active extrusion of Na across the inward facing membrane (12), Amiloride caused a large decrease in JtF at a [Na], of 6 mM. However, Kirschner (19) was unable to find any effect of amiloride on the efflux of Na in frogs, crayfish, and trout; however, it should be pointed out that these experiments were carried out under very different conditions. Studies concerned with the effect of amiloride on the efflux on nonelectrolytes suggest that the permeability of the paracellular shunt pathway is not affected, and Larsen (21) has reported similarly that paracellular shunt conductance is unaffected by treatment with amiloride in th .e toad skin. We should point out here that, alth .ough there is good evidence that amiloride affects the transcellular component of the sodium fluxes and although there is-in spite of various approaches such as flux measurements of solutes (electrolytes and nonelectrolytes) and electrophysiological measurements (21) -a lack of evidence that amiloride affects the paracellular shunt conductance, there is no direct specific proof that amiloride does not affect movement of sodium across a shunt pathway. However, the combined evidence available to date permits in our view the conclusion that amiloride probably does not affect the extracellular conductance for sodium. As mentioned above, the data obtained from ouabain-treated skins suggest the possibility that only a small fraction of the Na influx across the serosal cell border (Jtg) reaches the cell Na pool because most of the Na entering the cell via this route is immediately reextruded across the same border, i.e., via JF$, by the active transport mechanism that may have a limited transport capacity. If this were so, then one might expect that treatment with amiloride, which causes a reduction of the cell Na pool because of blockage of the Na influx via the outward-facing cell border (Jrj2a), results in reextrusion of an even larger fraction of Jft so that the sodium efflux across the epithelial cells (Ji:) decreases. Such a decrease can indeed be observed in the present experiments. However, amiloride causes a drastic reduction of J31'jla even after application of ouabain, i.e., inhibition of Jt$, and one must conelude that amiloride inhibits not only the Na uptake into the cell across the outward facing cell membrane (J';iF), but also Na exit across this border of the cell (Jg?), Therefore, the large decrease in JFF below control levels observed after application of amiloride strongly suggests that under control conditions a very large component of J Ff proceeds via a transcellular pathway and also that the increase in J3Nya after ouabain poisoning is due to a transcellular component.
As indicated in RESULTS, the effect of amiloride on the efflux is dependent on the concentration of NaCl in the bath solution. Treatment with amiloride causes up to 95% inhibition of JFf at low Na concentrations and an increase in JtF at high Na concentrations. Biber and Mullen (6) have shown that the saturation phenomenon of Jtt observed in control and ouabaintreated skins is completely eliminated by amiloride. Garcia-Romeu and Ehrenfeld (15) have similarly shown that the action of amiloride on the Cl fluxes across frog skin is dependent on the external concentration of NaCl. The reason for this phenomenon at present is not clear but may involve the interaction of amiloride with a carrier component in the outer cell membrane in view of the recent finding that an active transport step from Na may be located at the outwardfacing cell membrane or close to it (2) .
It should be mentioned that it i .S possi .ble that the lack of symmetric behavior of electrolytes and nonelecrolytes could be generated by differential changes in shunt selectivity. They observed that the transepithelial fluxes of Cl, Na, and I were proportional to K fluxes and that alterations in the transepithelial potential were followed by changes in Na fluxes (serosal to mucosal) that were not different from those predicted for monovalent ion transport by means of free diffusion. They concluded that these ions move through common passive and presumably intercellular pathways. However, the permeability coefficients measured by these authors were substantially higher than those reported by Walser (32) for toad bladder sacs in a series of experiments designed to minimize the edge damage effects. It is possible, therefore, that in the study with the higher permeability coefficient, a substantial part of the fluxes proceeded through damaged tissue. Such fluxes would tend to exhibit passive characteristics of free diffusion although it is easy to conceive that leakage of ions through such "extracellular" pathways may not show mobility ratios of free diffusion. It is interesting that in contrast to Saito et al., Walser could observe only minimal electrical effects on Cl fluxes and Na fluxes (serosal to mucosal) in his toad bladder preparations with minimized edge damage. Using voltage clamp conditions in ouabain-poisoned frog skins, Mandel and Curran (22) observed that movements of Na (passive), K, Cl, and mannitol changed in parallel with the movement of urea and that the ion fluxes could be described by the constant field equation. They concluded that they were measuring movement through an extracellular shunt pathway.
Their results are not in agreement with measurements of Jtf reported by Candia (9) who observed that electrical effects on Jtp were much smaller than would be consistent with the Ussing equation. Curran and Mandel (22) obtained Na fluxes many times higher than those measured in this study (see RESULTS) , and from the preceding discussions it seems reasonable to consider the possibility that in the conventional chambers at least a sizeable portion of the fluxes proceeded through artificially induced leakage pathways.
In connection with the study carried out by Mandel and Curran, two other points deserve to be mentioned. First, it is not entirely clear that urea is a suitable marker for extracellular pathways because there is no evidence that it does not penetrate into epithelial cells. Second, the prolonged application of imposed transepithelial potentials may cause an opening of artificial leakage pathways or other changes in the epithelium. Indeed, Voute and Ussing (31) have described swelling and tissue necrosis under such conditions and Biber and Sanders (7) have observed irreversible changes in electrical properties and in Na fluxes under certain voltage clamp conditions. In summary, then, substances known to affect the active transport of Na and the intracellular [Na] were shown to cause large increases or decreases in Jr:, whereas the effluxes of nonelectrolytes remained unchanged. This study seems to be at least partially supported by Kirschner's (17, 18) observation that the Na efflux is changed by inhibition of the active Na transport and by Larsen's (2'1) experiments on toad skin discussed above. The results reported here provide evidence that these inhibitors do not alter the permeability of the paracellular shunt pathway and that the total JFr or at least a very large portion of it and possibly also Jg/ proceed via a transcellular route in high resistance skins. This is not to say that paracellular pathways are not present in low resistance skins or cannot be opened by experimental treatment (23). The effect of ouabain further suggests that the pathway used by JFf is interacting directly or indirectly with the active transport step connected with the Na-K-activated ATPase system. Regardless of these interpretations, the data presented in this study make it clear that changes in Jip will have to be considered whenever inhibitors are used for modifying sodium transport across epithelial cells. 
